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r responsibility ofAbstract The NiAl based materials including NiAl–TiC–Al2O3 composite, NiAl–Cr(Mo)–Hf–Ho
eutectic alloy and NiAl–Cr(Mo)–CrxSy in situ composite were fabricated and their wear properties
were tested at different temperatures. The results revealed that the NiAl–TiC–Al2O3 composite,
NiAl–Cr(Mo)–Hf–Ho eutectic alloy and NiAl–Cr(Mo)–CrxSy in situ composite exhibited the
excellent wear properties between 700 1C and 900 1C. The microstructure observations exhibited
that the self-lubricant ﬁlms formed on the worn surfaces during the dry sliding test at high
temperature, which decreased the wear rate and friction coefﬁcient signiﬁcantly. TEM observation
on the self-lubricant ﬁlm revealed that it was mainly comprised by ceramic amorphous and
nanocrystalline. Compared with the NiAl–TiC–Al2O3 composite, the NiAl–Cr(Mo)–CrxSy in situ
composite has lower friction coefﬁcient at low temperature. Such phenomena may be ascribed to
the addition of sulﬁde which contributes much to the formation of self-lubricant, and moreover the
TiC addition increase the strength of NiAl based material and its wear resistance.
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Chinese Materials Research1. Introduction
Intermetallic compound NiAl is regard as a potential candi-
date of high temperature structural materials, owing to its high
melting point (1638 1C), low density (5.95 g/cm3), good ther-
mal conductivity and excellent oxidation resistance [1,2].
However, poor high-temperature strength and serious lack
of fracture toughness and ductility at room temperature (RT)
have handicapped its commercial applications [3–6]. In order
to conquer these shortcomings, many methods have beensting by Elsevier Ltd. All rights reserved.
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ening and oxide dispersion strengthening [7–11]. The research
of Johnson et al. [12] has improved the fracture toughness of
NiAl–28Cr–6Mo alloy to 21 MPa
ﬃﬃﬃﬃ
m
p
by directional solidiﬁca-
tion. Moreover the Sheng et al. [13] found that the addition of
ceramic particles increased the high temperature strength of
NiAl/Cr(Mo) based materials. Recently, the studies of Sheng
[14–17] have revealed that the minor addition of Hf and rare
earth elements can increase the high temperature strength of
the NiAl/Cr(Mo) eutectic alloy obviously, and the proper
treatment can further optimize the mechanical properties
[18–20]. Although the new methods have improved the
fracture toughness and creep properties of the NiAl based
materials obviously, their mechanical properties still cannot
satisfy the requirement of the turbine blade [20]. However, as a
kind of high temperature material, NiAl based materials can
still be used as static structure parts, such as furnace ﬁxtures,
pistons and valves in gas turbines [21]. For the application of
above situations the sliding contact at elevated temperatures
would happen between NiAl based materials and other
materials. Therefore, it is necessary to study the wear behavior
of NiAl based materials under sliding conditions.
Previously, some researches have been carried out to study
the tribological behavior of NiAl and exhibited that the NiAl
possess good tribological properties [22,23]. The recent study
[24] revealed that the compressive strength of the NiAl was
very important to the tribological properties, and with the
increase of the strength, the wear resistance of the NiAl
became better. Additionally, the recent investigations also
revealed that the addition of oxides and sulﬁde was helpful
to the wear resistance [25,26]. Though the previous investiga-
tions have studied the wear properties of the NiAl, only very
few research work has been done on the wear behavior of
NiAl based composite and NiAl/Cr(Mo) eutectic alloy. More-
over, almost no report on the self-lubricant behavior has been
found for the NiAl based materials. The recent researches of
authors group [24,27–29] found that the NiAl based materials
exhibit excellent self-lubricant behavior at high temperature,
which is beneﬁcial to the application of this kind material.
Therefore, in the present paper, the microstructure and wear
properties of Ni–Al2O3–TiC composite, NiAl–Cr(Mo)–Ho–Hf
eutectic alloy and NiAl–Cr(Mo)–CrxSy in situ composite are
summarized.2. Experimental procedure
2.1. Materials preparation
Elemental powder mixtures including Ni(98%, o1 mm), Al(98%,
o13 mm), Ti(99%,o75 mm), TiO2(98%,o10 mm) and C(99.9%,
o1 mm) for composite of NiAl-10 vol% (TiCþAl2O3) were dry
mixed in a ball milling for 15 h. The mixed powders were cold
pressed in the graphite mold and then reacted in a furnace at
1350 1C for 30 min. After then the reacted sample is hot isostatic
pressed at 1300 1C and 200MPa for 3 h. The alloy of NiAl–28Cr–
5.6Mo–0.25Ho–0.15Hf (at.%) and Ni–32Al–26Cr–4Mo–6S (at%)
in situ composite was prepared by induction melting from starting
materials of 99.99% Ni, 99.9% Al, 99.9% Cr, 99.9% Mo and
99.9% Hf, 99.9% Ho and 99.8% MoS2, respectively. The initial
materials were re-melted in a vacuum induction furnace according
to the composition and cast into rods. The cast rods were heattreated at 1250 1C for 24 h to get a homogenized alloy. In order to
make a contrast, a Ni based alloy with composition of Ni–Cr–Co–
W–Mo–Ti–Al–Hf–Nb–C is used in the wear test [30].2.2. Wear experiments
Dry sliding wear tests were performed in a XP-5 pin-on-disk
wear tester in air (relative humidity 30%), with the NiAl based
materials pin rubbing against a SiC disk with a hardness of
HRA 78. The columnar pin specimen with 8 mm in diameter
and 18 mm in height was cut from the cast rod, while the disk
was 70 mm in diameter and 10 mm in thickness. The pins were
held against the disk with a normal load of 30 N, while sliding at
a constant linear speed of 0.126 m/s for a total sliding time of 2 h.
The test temperature was differed from 110 1C to 1000 1C.
Different sliding radii were accommodated by changing the
rotational speed of the disk to maintain a constant sliding speed.
Mass measurements of the pins before and after testing provided
a total mass loss that was converted to volume loss using
theoretical alloy densities. Wear rate results are presented in
terms of a wear coefﬁcient by normalizing the volume loss with
load and sliding distance. A strain gage force transducer on the
pin holder allowed continuous measurement of friction forces.2.3. Sample examination
The samples for microstructure observation were cut from the
as fabricated samples by electro-discharge machining (EDM).
Microstructural characterizations were carried out on an
OLYMPUS GX41 Optical microscope (OM) and S-3400
scanning electron microscope (SEM). The samples for trans-
mission electron microscope (TEM) observation were cut from
the cast rod by EDM. The slices were mechanically ground
from both sides to 30 mm and then thinned by ion milling. The
thin foils were examined on a JEOL-2010 high-resolution
transmission electron microscope with a point resolution of
0.19 nm and operated at 200 kV. The worn surfaces and the
cross sections of the specimens after wear test were examined
using SEM. The samples for TEM observation were cut from
the worn surface of the composite.
The compressive specimens with size of 4 4 6 mm3 were
cut from the cast rod with different states by electro-discharge
machining (EDM) and all surfaces were mechanically ground
with 600-grit SiC abrasive prior to compression test. The
compression tests were conducted in Gleeble-1500 test
machine at room temperature and elevated temperatures, with
an initial strain rate of 1 103 s1.3. Results and discussion
3.1. Microstructure of NiAl-based materials
The XRD analysis of NiAl–TiC–Al2O3 composite is shown in
Fig. 1(a). Clearly, the initial powders have been transformed
into NiAl, TiC and Al2O3 phases. Due to the small amount of
TiC and Al2O3 existed in the composite the peaks of TiC and
Al2O3 in the XRD pattern are relatively weak compared
with that of NiAl. The typical microstructure of NiAl–TiC–
Al2O3 composite is shown in Fig. 1(b). It exhibits that the
Fig. 1 (a) XRD analysis of NiAl–TiC–Al2O3 composite, and (b) Backscattered-electron image of NiAl–TiC–Al2O3 composite.
Fig. 2 (a) SEM image of NiAl–Cr(Mo)–Ho–Hf eutectic alloy, and (b) Morphology of NiAl and Cr(Mo) precipitates in eutectic cell.
Fig. 3 (a) XRD pattern of NiAl–Cr(Mo)–CrxSy in situ composite, (b) SEM image of NiAl–Cr(Mo)–CrxSy composite, and (c)
Morphology of the CrxSy precipitates.
J. Guo et al.416distribution of TiC and Al2O3 is inhomogeneous. The TiC and
Al2O3 particles prefer to segregate along the grain boundary.
The typical microstructure of NiAl–Cr(Mo)–Ho–Hf eutec-
tic alloy is shown in Fig. 2. The alloy is composed of eutectic
cell, coarse NiAl dendrites and white phase. Within eutectic
cell, the black NiAl and gray Cr(Mo) lamellas radiate from the
cell center to the cell boundary. The inter-lamellar spacing of
NiAl and Cr(Mo) near the cell center is smaller than that near
the cell boundary. The white phases mainly distributes at the
intercellular zone, accompanied with some coarser Cr(Mo)
and NiAl phases. The EDS test revealed that the white phase
has two kinds. One is rich in Hf and the other is rich in Ho.
According to the recent research [31–33], the Hf rich phaseshould be Ni2AlHf phase, while the Ho rich phase should be
Ni2Al3Ho phase. Further observations also showed that the
coarse NiAl and Cr(Mo) particles precipitated in Cr(Mo) and
NiAl phase respectively, as shown in Fig. 2(b).
The microstructure of NiAl–Cr(Mo)–CrxSy in suit compo-
site and its XRD analysis are shown in Fig. 3. From the XRD
pattern, it can be found that the additive of MoS2 has been
transformed into chromium sulfur products. Due to their
small amount, it is difﬁcult to identify their crystal structures
from the XRD. Therefore, they are named as CrxSy phase in
the present paper. The observation on the microstructure
exhibits that the in situ composite possesses hypoeute-
ctic structure and has a lot of primary NiAl phase. Such a
Wear properties of NiAl based materials 417microstructure should be ascribed to the reaction of S and Cr,
which make the composition deviate from the eutectic point.
Further observation on the CrxSy revealed that these com-
pounds prefer to form in Cr(Mo) phase or on NiAl/Cr(Mo)
phase boundary.
3.2. Mechanical properties
The yield strength attained from compression test of NiAl and
NiAl based materials are shown in Fig. 4. With the increase of
testing temperature, the yield strength decreases gradually.
Compared with NiAl, the yield strength decrease of NiAl
based materials is greater, especially between 400 1C and
900 1C. In these NiAl based materials, the NiAl–Cr(Mo)–
CrxSy in situ composite owns the highest yield strength, but
the NiAl–Al2O3–TiC has the lowest yield strength. The better
yield strength of NiAl based material is believed to be
beneﬁcial for their wear properties.
3.3. Wear properties
The variations of the friction coefﬁcient with testing tempera-
ture for NiAl based materials are shown in Fig. 5(a). It can be
seen that the friction coefﬁcient of all NiAl based materialsFig. 4 Compressive yield strengths of NiAl based materials at
different temperatures.
Fig. 5 (a) Friction coefﬁcients of NiAl based materials and Ni bas
materials and Ni base alloy at different temperatures.exhibit the wave proﬁle change with temperature. The differ-
ence is that the friction coefﬁcients of NiAl–TiC–Al2O3
composite have higher change amplitude with temperature,
but that of NiAl–Cr(Mo)–Hf–Ho eutectic alloy and NiAl–
Cr(Mo)–CrxSy in situ composite show smaller amplitude.
Whatever, all the NiAl based materials possess very low
friction coefﬁcient between 700 1C and 900 1C. In addition,
the NiAl–Cr(Mo)–CrxSy in situ composite also exhibit relative
low friction coefﬁcient below 400 1C. The wear rates of NiAl
based materials at different temperatures are shown in
Fig. 5(b). It has been found that the wear rates of all the
NiAl based materials increased gradually with the temperature
increasing but decreased sharply after 600 1C, and then the
values increase again after 800 1C. Compared with the Ni
based alloy, the wear rate of NiAl based materials above
600 1C is lower, but the Ni based alloy has better wear
resistance below 600 1C.3.4. Self-lubrication of NiAl–Al2O3–TiC at 700 1C–800 1C
The worn surfaces morphology of the NiAl–Al2O3–TiC
composite tested at 600 1C, 700 1C and 800 1Care shown in
Fig. 6. The worn surface of the composite tested at 600 1C was
rough with the plough and debris characteristics, as shown in
Fig. 6(a). While the worn surface of the composite tested at
700 1C was really different, i.e., the tested surface was covered
by smooth transfer layers of compacted wear debris and no
scoring marks could be seen on the surface, as shown in
Fig. 6(b). When the tested temperature increased to 800 1C,
the worn surface is still covered by transfer layer, but there are
some places where the transfer layer was spalled, as shown in
Fig. 6(c). In addition, it also can be observed that the cracks
generated in the transfer layer. With the further increasing
temperature, the amount of spalled layer increased.
The observation on the cross section of the worn surface of
the composite sliding at 700 1C revealed that a lubricant ﬁlm
with thickness of 2 mm formed on the surface, as shown in
Fig. 7(a). The lubricant ﬁlm exhibited relative homogeneous
thickness and well continuous distribution. The analysis of
elements distribution shows that the lubricant ﬁlm mainly
contains O, Al and Ni elements, indicating that the lubricant
ﬁlm is composed of oxides. The lubricant ﬁlm was cut from
the worn surface of the composite to investigate its structure.e alloy at different temperatures, (b) Wear rates of NiAl based
Fig. 6 Worn surface of NiAl–Al2O3–TiC composite tested at different temperatures: (a) 600 1C, (b) 700 1C and (c) 800 1C.
J. Guo et al.418The DSC curve of the lubricant ﬁlm is shown in Fig. 7(b).
Obviously, there is an exothermic peak at 1086 1C, which
indicates the existence of structure transformation. The results
of TEM observation on the lubricant ﬁlm are shown in
Fig. 7(c). It can be found that the lubricant ﬁlm is composed
by the particles with hundreds of nanometers. The selected
area electron diffraction (SAED) pattern reveals that the
lubricant ﬁlm is composed of ceramic amorphous embedded
by NiO and Al2O3 nanocrystalline particles. Therefore it can
be easy to understand why the NiAl–Al2O3–TiC composite
has the lowest friction coefﬁcient and wear rate between
700 1C and 800 1C. The ceramic amorphous lubricant ﬁlm
with nanocrystalline particles has high stiffness, which can
protect the matrix from scraping.3.5. Self-lubrication of NiAl–Cr(Mo)–Hf–Ho eutectic alloy
at 800 1C–900 1C
The worn surfaces morphology of NiAl–Cr(Mo)–Hf–Ho
eutectic alloy tested at different temperatures is shown in
Fig. 8. Obviously, ploughs decorated with debris are the main
feature of the worn surface tested at 600 1C. It can be seen that
the superﬁcial layer has been scraped greatly, as shown in
Fig. 8(a). When the temperature increased to 700 1C, the
surface become smooth and intact, and almost no groove
exists on the surface, as shown in Fig. 8(b). With the
temperature increased to 900 1C, the surface coat began to
be scraped partly and left the pits distributed randomly, as
shown in Fig. 8(c). The observation on the worn surface at1000 1C revealed that at this temperature the surface coat has
an obvious deformed features, as shown in Fig. 8(d).
Further SEM observation on the cross section exhibited
that a lubricant ﬁlm with several microns has been formed, as
shown in Fig. 9(a). The TEM observation revealed that the
lubricant ﬁlm was composed of ﬁne particle with different size,
as shown in Fig. 9(b). The SAED pattern shows that the
lubricant ﬁlm consists of amorphous phase and nanocrystal-
line particles, which almost has the similar constitutes with
that formed on the NiAl–Al2O3–TiC composite. But the DSC
curve shows that the lubricant ﬁlm still is different, as shown
in Fig. 9(c). An obvious exothermic peak appears at 960–
994 1C which is lower than that of NiAl–Al2O3–TiC compo-
site. Considering the composition of NiAl–Cr(Mo)–Hf–Ho
eutectic alloy, it can be deduced that some oxides of molyb-
denum or chromium have been formed in the lubricant ﬁlm.
In order to study the lubricant ﬁlm, observations on the
surface of NiAl–Cr(Mo)–Ho–Hf eutectic alloy worn at 800 1C
for 0.5 h have been carried out, and the results are shown in
Fig. 10. It can be seen that the matrix is covered by a near
intact lubricant ﬁlm, as shown in Fig. 10(a). In addition, some
microcrack has emerged in the lubricant ﬁlm and some small
particles can be seen in the scraped region. Further observa-
tion on the lubricant ﬁlm showed that the small particles
distributed in the lubricant ﬁlm unevenly and their segregation
exhibited the line shape, as shown in Fig. 10(b). It can be
deduced that the particles segregation region should be furrow
formed at the beginning of wear test. The EDS test revealed that
most of the small particles contain Cr and O elements, while the
others contain Al and O elements. Therefore, combination the
Fig. 7 (a) SEM micrograph of the cross section in the worn NiAl–Al2O3–TiC composite, (b) DSC curve of the lubricant ﬁlm, and (c)
Bright ﬁeld TEM image of the lubricant ﬁlm (Inset picture showing its SAED pattern).
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are Cr2O3 and Al2O3. Moreover, SEM images showed that the
lubricant ﬁlm exhibited some deformation characteristics, as
shown in Fig. 10(c).3.6. Self-lubrication of NiAl–Cr(Mo)–CrxSy in situ
composite at 200 1C–400 1C and 800 1C
The observations on worn surfaces of the quasi-rapidly
solidiﬁed NiAl/Cr(Mo,Dy) hypoeutectic alloy at different
temperatures are shown in Fig. 3. It can be seen that the
worn surfaces of the alloy below 400 1C exhibit an obvious
deformation phenomenon and the EDS shows that the intact
surface mainly contain Al2O3 and Cr2O3, as shown in
Fig. 3(a)–(c). Especially at room temperature, cracks and pits
can be found on the worn surface, which indicates that the
superﬁcial layer was damaged during the dry sliding test.
Based on the EDS test, it can be deduced that the mechanism
at room temperature is micro-fracture. At the testing tem-
peratures of 300 1C and 400 1C, the worn surfaces demon-
strated the rheology features, but they are almost intact with
fewer pits inside. Therefore, it can be understood that the
friction coefﬁcient of the alloy decreased below 400 1C, but the
wear rate increased inversely. With the increasing temperature,
furrows appear in the worn surfaces, as shown in Fig. 3(d) and(e). Moreover, the amount of furrow in the worn surface test
at the testing temperature of 600 1C is higher than that at
500 1C, which can explain the high wear rate and friction
coefﬁcient appear at these temperatures. When the testing
temperature reached to 700 1C, no furrow and pit has been
found in the worn surface, as shown in Fig. 3(f). The worn
surface of the NiAl–Cr(Mo)–CrxSy in situ composite under the
testing temperature of 700 1C possesses a smooth and intact
coating, which contributes to the lowest wear rate. The worn
surface morphology under the test temperature of 800 1C
began to change, as shown in Fig. 3(g). The surface coating
was spalled partly by the SiC friction pair and exhibits ripple
morphology. At 900 1C, the furrow emerges again in the worn
surface and the surface coating was spalled greatly with pits
left Fig. 11.
Further observation on the worn surface of NiAl–Cr(Mo)–
CrxSy in situ composite at 400 1C is shown in Fig. 12. The
morphology of the worn surface exhibits that there are still
some pits, furrows and microcracks. The partly spalled surface
makes the worn surface unsmooth, which leads to higher wear
rate. The elements distribution maps showed that distributions
of Al, Ni and Cr were relative homogeneous, but the O and
Mo was heterogeneous. In addition, the surface spalled region
was lack of O, Al and Ni but rich of Cr and Mo. At this
temperature, the strength of NiAl–Cr(Mo)–CrxSy in situ
composite was high but its compressive ductility is still low,
Fig. 8 Surface morphologies of the NiAl–Cr(Mo)–Ho–Hf eutectic alloy worn at different temperatures, (a) 600 1C, (b) 700 1C, (d)
900 1C, and (d)1000 1C.
Fig. 9 (a) SEM micrograph of the lubricant ﬁlm formed on the surface of NiAl–Cr(Mo)–Ho–Hf eutectic alloy worn at 800 1C, (b) TEM
micrograph of the lubricant ﬁlm (Inset picture showing its SAED pattern), and (c) DSC curve of the lubricant ﬁlm.
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Fig. 10 SEM image of the worn surface tested at 800 1C for 0.5 h: (a) Formation of lubricant ﬁlm on the SiC surfaces after wearing for
0.5 h, (b) Aggregation of oxide particles in the lubricant ﬁlm, and (c) Deformed the lubricant ﬁlm.
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matrix and the surface coating during the dry sliding. Once the
crack is big enough, the friction would spall the surface
coating. Moreover, the brittleness of NiAl makes the spalling
little easy. Then one can see that the friction coefﬁcient at
400 1C is relative low, but the wear rate is high.
The ﬁlm was cut from the worn surface to investigate its
structure. The results of TEM observation on the lubricant
ﬁlm formed at 400 1C is shown in Fig. 13(a). Clearly, the
lubricant ﬁlm contains ﬁne microstructure and the SAED
pattern demonstrates that it is mainly composed of NiO and
Al2O3 nanocrystalline. TEM observation on the lubricant ﬁlm
formed at 400 1C showed that it possesses ultraﬁne micro-
structure, as shown in Fig. 13(b). The SAED pattern reveals
that the lubricant ﬁlm is mainly composed of Cr2O3 amor-
phous phase and Al2O3 nanocrystalline particle.
The morphology of the SiC friction pairs is shown in
Fig. 14. The SiC friction pairs under the test temperatures of
400 1C and 800 1C are all coated by the friction debris spalled
from the NiAl–Cr(Mo)–CrxSy in situ composite. The differ-
ence was that the SiC friction pair under the testing tempera-
ture of 800 1C had a smooth and continuous ﬁlm but the ﬁlm
on the SiC friction pair at 400 1C was relative coarse and not
continuous. That can explain the reason why the specimens
tested at 400 1C and 800 1C both had low friction coefﬁcient,
but the specimen at 800 1C had the lowest wear rate. It is
believed that the smooth and continuous lubricant ﬁlm on the
friction pair surface decreases the friction force and then
decreases the wear rate.Based on the results above, it can be concluded that the
NiAl based materials experience ploughing, delamination and
grinding by the asperity of the SiC sliding surface during the
dry sliding test. The wear debris is trapped by the sliding
surfaces partly and experiences repeated deformation and
comminution before being oxidized. If the environment is
suitable, the wear debris will be compacted on the surfaces of
the friction pairs and forms the self-lubricant ﬁlm. Then one
can see that at high temperature the NiAl based materials and
SiC friction pair are coated by a thin ﬁlm along the sliding
trace. And moreover it can be found that when the testing
temperature range was between 700 1C and 900 1C, the friction
coefﬁcient and wear rate have the lowest values. This may be
attributed to the formation of self-lubricant ﬁlm with the
structure of nanocrystalline or amorphous. According to the
recent research [34,35], the ultraﬁne microstructure and amor-
phous can improve the wear properties of the materials
signiﬁcantly. Therefore, it can be understood why the NiAl
based materials possess excellent wear properties at high
temperature. When the test temperature increases, the strength
of the matrix of NiAl based materials decrease greatly, which
cannot give enough support to the self-lubricant ﬁlm, so the
crack generates in the self-lubricant ﬁlm and then results in the
damage of the self-lubricant ﬁlm. When the test temperature is
between 500 1C and 700 1C, the compressive ductility becomes
better, but strength drops obviously. In addition, when the
temperature is not high enough the ceramic amorphous
cannot be formed, and therefore, it has been found that the
worn surfaces of the NiAl based materials tested between
Fig. 11 SEM images of the NiAl–Cr(Mo)–CrxSy in situ composite worn at different temperatures: (a) 100 1C, (b) 300 1C, (c) 400 1C, (d)
500 1C, (e) 600 1C, (f) 700 1C, (g) 800 1C and (h) 900 1C.
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Fig. 12 SEM image and its elements distribution of worn surface of NiAl–Cr(Mo)–CrxSy composite at 400 1C: (a) morphology, (b) O
distribution, (c) Al distribution, (d) Mo distribution, (e) Cr distribution, and (f) Ni distribution.
Fig. 13 TEM micrograph of the lubricant ﬁlm formed on the surface of NiAl–Cr(Mo)–CrxSy in situ composite tested at different
temperature: (a) 400 1C, (b) 800 1C (Inset pictures showing theirs SAED patterns).
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Fig. 14 Morphology of the SiC surface worn for 2 h at different temperature: (a) 400 1C, and (b) 800 1C.
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no protecting coating was formed on the NiAl based materi-
als. Then it is easy to understand that the wear rate and
friction coefﬁcient at 500 1C and 700 1C are higher than those
at 700 1C and 900 1C. When the testing temperature further
droped, the wear properties of the NiAl based materials
exhibited obvious trend of decreasing. Actually, at the tem-
perature below 400 1C it is impossible for the NiAl based
materials to form the protecting ﬁlm. However, the strength
and hardness of the NiAl based materials are the highest,
which can resist the grind effective, especially for the NiAl–
Cr(Mo)–CrxSy in situ composite. Since during the wear tests
of the NiAl–Cr(Mo)–CrxSy in situ composite the sulﬁde can be
formed, which can provide the self-lubricant during the wear
test, and decreases the friction coefﬁcient and wear rate
effectively. Due to the high strength of TiC particle, the
friction coefﬁcient of the NiAl–TiC–Al2O3 composite at low
temperature is much higher than the other NiAl based
materials, but its wear rate is similar with the others.4. ConclusionsI. The NiAl based materials including NiAl–TiC–Al2O3
composite, NiAl–Cr(Mo)–Hf–Ho eutectic alloy and
NiAl–Cr(Mo)–CrxSy in situ composite were fabricated
and their wear properties tests at different temperatures
were carried out.II. The NiAl–TiC–Al2O3 composite and NiAl–Cr(Mo)–Hf–
Ho eutectic alloy showed the excellent wear properties at
700 1C–800 1C, which should be attributed to the com-
pacted self-lubricant ﬁlm composed of amorphous and
small particles. The friction coefﬁcient of NiAl–TiC–
Al2O3 composite at low temperature is much higher than
other materials, which may be attributed to the addition
of TiC ceramic particles.III. The NiAl–Cr(Mo)–CrxSy in situ composite exhibit
excellent wear properties between 700 1C and 900 1C,
which should be attributed to the compacted self-
lubricant ﬁlm composed of Cr2O3 amorphous and
Al2O3 nanocrystalline particles.IV. Compared with the NiAl–TiC–Al2O3 composite, the
NiAl–Cr(Mo)–CrxSy in situ composite has lower friction
coefﬁcient at low temperature. Such phenomena should
be ascribed to the addition sulﬁde which contributes to
the formation of self-lubricant. In addition, the thin ﬁlmconstituted with NiO and Al2O3 nanocrystalline also
contributes to the low friction coefﬁcient signiﬁcantly.Acknowledgment
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